Flanders is densely populated with much industry and intensive farming. Hormonal status of 14-to 15-year-old male adolescents was studied in relation to internal exposure to pollutants. A total of 887 participants were selected as a random sample of the adolescents residing in the study areas. Confounding factors and significant covariates were taken into account. Serum levels of testosterone, free testosterone and estradiol, and the aromatase index showed significant positive associations with serum levels of marker polychlorobiphenyls (sum of PCBs 138, 153, and 180) and of hexachlorobenzene (HCB) and a negative association with urinary cadmium concentration. Serum levels of estradiol also showed a positive association with serum levels of dichlorodiphenyldichloroethylene (DDE). A doubling of serum concentrations of marker PCBs and HCB and of urinary concentration of cadmium were, respectively, associated with an increase of 16.4% (Po0.00001) and 16.6% (Po0.001) and a decrease of 9.6% (Po0.001) in serum testosterone concentration. Similar findings were made after additional adjustment for concurrent exposures. Associations between biological effects and internal exposures were, in terms of the regression coefficient, often stronger at exposures below the median. Environmental exposures to pollutants resulting in ''normal'' levels of internal exposure were associated with quite substantial differences in hormone concentrations.
Introduction
Flanders is one of the most populated areas in Europe, with a dense network of traffic roads, industrial activities, and intensive farming close to habitation. The 5-year (2001) (2002) (2003) (2004) (2005) (2006) biomonitoring program on neonates, adolescents, and adults by the Flemish Centre for Environment and Health aimed at measuring internal exposure to pollutants in areas differing in pollution pressure and assessing whether place of residence or observed differences in internal concentrations of pollutants were associated with biological and health effects. All public information on the project can be found on the website http://www.milieu-engezondheid.be.
In this study, we report on sex hormone levels of 14-to 15-year-old male adolescents in relation to internal exposure to environmental pollutants suspected to affect hormonal equilibrium. Polychlorobiphenyls (PCBs) are known to have estrogenic, anti-estrogenic, and anti-androgenic activities (Bonefeld-Jorgensen et al., 2001) ; p,p 0 -dichlorodiphenyldichloroethylene (p,p 0 -DDE) was reported to have antiandrogenic properties (Kelce et al., 1995) ; hexachlorobenzene (HCB) was reported to affect estradiol levels in animals (Foster et al., 1995; Alvarez et al., 2000) ; cadmium was observed to be able to interact with both estrogen and androgen receptors (Stoica et al., 2000; Martin et al., 2002) ; and lead was reported to have xeno-estrogenic activity (Martin et al., 2003) . We wanted to test the hypothesis that low levels of internal exposure (such as these occurring in the general population in Flanders) affect serum hormone levels and, in particular, do so with a potency that is relatively (per unit of exposure dose) higher at the lower end of the range of measured internal exposures than at the higher end of this range. This is what could happen if the above-mentioned pollutants interact with receptors, as their dose-response curves might be expected to follow MichaelisMenten kinetics (Sheehan et al., 1999; Castano and FloresSaaib, 2008 ).
Materials and methods

Selection and Recruitment of Participants
A stratified clustered multistage design was used to select 887 participants as a random sample of the male adolescents residing in the study areas. The study areas comprised 22% of the Flemish territory, 20% of the Flemish population, and 20% of the Flemish municipalities as described in detail by Schroijen et al. (2008) . The study areas were chosen to represent different types of environmental pressure occurring in Flanders. Inclusion criteria were being born in 1988 or 1989, studying in the third year of secondary education, living for at least 5 years in the same study area, and giving informed consent (both adolescent and parents). Of all pupils who received an invitation, 28.4% did not respond, and of those who did respond, 14.7% refused to participate; hence, 61.07% of the pupils who were contacted wanted to participate. Among the pupils who wanted to participate, 2.3% were excluded by the researchers because they did not reside in the area since 5 years and 1.9% because of incomplete questionnaires or insufficient blood or urine; therefore, finally 58.5% of the pupils who were contacted participated in the study. The recruitment resulted in a total of 887 adolescents. All participants signed an informed consent form and had the right to withdraw from the study at any time. The study design was approved by the medical-ethical committee of the University of Antwerp on 4 July 2002.
Blood and Urine Collection
Height and body weight of the adolescents were measured by a study nurse. Each participant donated a urine sample of about 200 ml and a blood sample of 40 ml for subsequent analysis. Serum samples were prepared by immediate centrifugation of the coagulated blood. Urine, whole blood, and serum samples were fractionated immediately and stored at À201C until analysis.
Chemical Analysis of Biomarkers of Exposure
Lead and cadmium concentrations in whole blood were determined as described by Schroijen et al. (2008) . Detection limits for cadmium and lead in the whole blood diluted 10 times were 0.09 and 2.0 mg/l, respectively. Isotope Cd114 was used to quantify the amount of cadmium in urine using ICP-MS. Urinary cadmium levels were expressed in microgram per gram (mg/g) creatinine. Urine samples were diluted in nitric acid (0.7%). Rhodium was used as an internal standard. The detection limit for urinary cadmium was 0.002 mg/l. The creatinine content in urine was determined by spectrophotometry.
PCB 118, PCB 138, PCB 153, PCB 180, HCB, and p,p 0 -DDE were measured as described by Schroijen et al. (2008) . The detection limit of all chlorinated compounds in serum was 0.02 mg/l. Blood fat was calculated on the basis of serum cholesterol and serum triglycerides (Covaci et al., 2006) . Levels of chlorinated compounds were expressed in nanogram per gram (ng/g) lipid.
1-Hydroxypyrene (1-OHP), a metabolite of pyrene, was determined in urine as described by Schroijen et al. (2008) ; the detection limit was 0.030 mg/l. t,t 0 -muconic acid (t,t 0 -MA), a metabolite of benzene, was determined in urine as described by Schroijen et al. (2008) ; the detection limit was 0.0086 mg/l. Levels of 1-OHP and t,t 0 -MA were expressed in microgram per gram (mg/g) creatinine and milligram per gram (mg/g) creatinine, respectively.
All laboratories involved in the analyses of biomarkers applied standard agreed quality control/quality assurance procedures.
Measurement of Hormone Levels
Commercial immunoassays were used to determine serum levels of total testosterone (T), luteinizing hormone (LH), follicle-stimulating hormone, sex hormone-binding globulin (SHBG), and total 17b-estradiol (E2) as described by Croes et al. (2009) . The free fractions of T (fT) and E2 (fE2) were calculated from Tand SHBG in serum, as described by Croes et al. (2009) . The intra-and interassay coefficients of variation for all assays were o12%. For each individual, the aromatase indexFthe ratio of T to E2 (T/E2)Fwas calculated as pmol/pmol.
Questionnaires
Information on personal and lifestyle factors and on health status was obtained by self-assessment questionnaires filled in by the adolescents and by their parents. Information provided by the parents included data on education, weight, height, and health status of the parents. Information provided by the adolescents included data on health status, contraception, smoking behavior, and consumption of alcohol. The adolescents also completed a semiquantitative food frequency questionnaire regarding daily consumption of fruit and vegetables during the last year, and, as described by Bilau et al. (2008) , a semiquantitative food frequency questionnaire to assess the daily consumption of fat-containing food items during the last year. In addition, the consumption of locally produced food was recorded.
On the basis of these questionnaires, a number of parameters were calculated, including consumption of fresh fruit and vegetables, cereals, fish, dairy products, meat, and daily intake of animal fat (all in g/day).
Data Treatment
Database management and statistical analyses were carried out using SAS for Windows (version 9.1.3) and Statistica (version 7.1). Data that were not normally distributed were subjected to natural Neperian logarithmic transformation for use as dependent variables in ANCOVA or multiple regression. Geometric means or medians (10th and 90th percentile) are reported. The sum of marker PCBs (PCB138 þ PCB153 þ PCB180) was used to reflect exposure to PCBs in general, whereas the serum concentration of PCB118, considered reflecting exposure to dioxin-like PCBs (Park et al., 2007) , was used separately.
Raw data were adjusted by regression analyses for some pre-specified, literature-based confounders (Vermeulen et al., 1996; Ukkola et al., 2001; Zitzmann and Nieschlag, 2001) and also for covariates showing significant association with effect parameters. Confounders of data on testosterone, estradiol, and the aromatase index (ratio testosterone/ estradiol) were age, smoking, hour of blood sampling, and BMI. Confounders of data on LH were age, BMI, and smoking. Confounders of data on SHBG were age, BMI, smoking, and not having eaten before the sampling of blood. Adjustment for smoking was performed using the parameter ''daily smoking or not.'' In addition, parameters related to food intake and other parameters derived from the questionnaires and from the measurements performed by the nurses were included as covariates in ANCOVA or multiple linear regression if they showed a simple regression significant association (Po0.1) with the dependent variable under study.
To evaluate the association of biological effect parameters with parameters of internal exposure after adjustment, if relevant, for other concurrent internal exposures, a series of forward stepwise multiple regressions was performed in which we set the F-value to enter at 1.2 and the F-value to stay at 1.1, with the biological effect parameter as dependent variable and as independent variables, all predetermined confounders and all parameters related to exposure, food intake, lifestyle, or personal characteristics that showed (in simple regressions) significant (Po0.1) association with the biological effect parameter used as dependent variable. Confounders were forced in the resulting model. For every analysis reported in the tables, the list of confounders and covariates included in the model is mentioned.
To assess the strength of the association (in terms of the regression coefficient) as a function of the intensity of internal exposure, two additional sets of multiple regressions, including confounding factors, were performed: one including only subjects with exposures above the median for a particular pollutant and the other including only subjects with exposures equal to or below the median. To facilitate interpretation of this comparison, the parameter for the particular pollutant under study was used without natural logarithmic transformation in these additional multiple regressions when the dependent variable was normally distributed. A piecewise linear regression model was used to assess statistical significance of differences in these additional multiple regressions. To assess the strength of association as a function of the intensity of internal exposure after correction for other significant covariates or exposures, such additional sets of multiple regressions were also performed including significant covariates in addition to confounding factors and finally also including all covariates and exposure variables present in the models resulting from stepwise regressions.
Analysis of residuals was performed after each multiple regression.
For calculation of binomial probability, the probability of success on a single trial was set at 0.5.
Results
Characteristics of Participants, Nutritional, and Other Lifestyle Factors
Overall, 14.5% of participants drank alcoholic beverages at least weekly, 8.2% smoked daily, and 46.6% lived in a family in which at least one parent had received higher education. Other characteristics of participants are summarized in Table 1 .
Corresponding data for the total Flemish population are not available. Of the Flemish adults belonging to the generation of the parents of the adolescents in the study, 30.5% received higher education (data from the Flemish ministry of education), which might well correspond to about 45% of families counting at least one parent with higher education. Compared with the general Flemish population (data from the Flemish ministry of education), adolescents participating in the study attended somewhat more frequently classes providing general education (45.4 and 54.2%, Pollutants and hormone levels in male adolescents Dhooge et al.
respectively) and less frequently classes providing technical or professional education (52.7 and 44.8%, respectively).
Internal Exposure to Pollutants
Data on internal exposure (median values and 10th and 90th percentiles) to pollutants are given in Table 2 . Exposure data and also differences as a function of area of residence are discussed in detail by Schroijen et al. (2008) . Significant (Po0.05) positive correlations were observed between several biomarkers of exposure (Table 1 in Supplementary Information). The most important correlations were concentrations of marker PCBs with the concentration of PCB118 (Pearson's correlation coefficient r ¼ 0.52) and HCB (r ¼ 0.45), and levels of HCB with levels of PCB118 (r ¼ 0.30).
Hormone Levels in Relation to Internal Exposure to Pollutants
After adjustment for confounders and significant covariates through a series of multiple regressions, each comprising a biological effect parameter as a dependent variable and one parameter of internal exposure among the independent variables, significant associations were found between hormone or SHBG levels and several parameters of internal exposure. However, the study subjects were actually exposed to a mixture of pollutants and significant correlations were observed between some internal exposures. To evaluate the association of SHBG and hormone levels with parameters of internal exposure after adjustment, if relevant, for other concurrent internal exposures, a series of forward stepwise multiple regressions was performed as described under Materials and methods. Table 3 shows associations that were significant (Po0.05) in multiple regressions including only one parameter of internal exposure and that still showed the same trend in the stepwise multiple regressions in which all significant parameters of internal exposure were included (data from stepwise multiple regressions not shown) but presented in Table 2 in Supplementary Information.
Significant negative associations were found between urinary cadmium concentration, on the one hand, and serum concentrations of T, fT, E2, and fE2, and the aromatase index on the other; significant positive associations were found between serum concentration of HCB, on the one hand, and serum concentrations of T, fT and E2 and the aromatase index on the other; between serum concentration of marker PCBs and serum concentrations of T, fT, E2, and fE2 and the aromatase index; and between serum concentration of p,p 0 -DDE and serum concentration of E2. The quite strong positive association observed between HCB serum concentration and the aromatase index after adjustment for confounders and significant covariates in multiple regression appeared to be much weaker after additional adjustment for other exposures. As colinearity between concentrations of HCB and marker PCBs (Pearson's correlation coefficient ¼ 0.45) might have affected the association between HCB and the aromatase index after this additional adjustment, we performed a stratified analysis testing the association of HCB concentration with the aromatase index after adjustment for covariates in 13 strata of marker PCB concentration. A clear trend toward a positive association between HCB concentration and the aromatase index was observed: in 9 of these 13 strata, a positive association was observed between the concentration of HCB and the aromatase index (binomial probability ¼ 0.087), in 2 of these strata the positive association was significant (Po0.05), and in none of the strata the negative association was significant (lowest P-value ¼ 0.41).
We also studied the strength of association (in terms of the regression coefficient) as a function of the intensity of internal exposure as described under Materials and methods. Comparison of the regression coefficients obtained from additional multiple regressions including confounding factors (Table 4) showed that 15 of the 16 associations with internal exposure described in Table 4 tended to be stronger at exposures below the median value than at exposures above the median, and this difference was statistically significant (Po0.05) in 10 of these associations. Additional multiple regressions, including, in addition to confounding factors, also significant covariates or all covariates and exposures present in the models resulting from stepwise regressions, produced similar results (data not shown) but presented in Table 3 in Supplementary Information.
Discussion
Our cross-sectional biomonitoring study has certainly limitations in terms of showing causal relationships. Furthermore, the hormone levels could not only be influenced by exposures and other factors present at the time of the study but also by such factors acting many years before, even prenatally. Notwithstanding these limitations, several potentially interesting observations were made. Pollutants and hormone levels in male adolescents Dhooge et al.
In our study, urinary cadmium concentrations showed a negative association with serum sex hormone levels and with the aromatase index (T/E2), and a positive association with serum SHBG. Contrasting findings were reported in the literature. Meeker et al. (2008) found a positive association between cadmium concentration in blood and serum testosterone among men attending infertility clinics. Urinary cadmium was positively associated with serum testosterone in cadmium-exposed Chinese workers (Zeng et al., 2002) , but was not a significant determinant of serum T levels in a population study in China (Zeng et al., 2004) . A positive association between urinary cadmium and testosterone levels in men was found in a population study in the United States, but did not persist after additional adjustment for smoking (Menke et al., 2008) . However, our findings are plausible as cadmium showed, in vitro, toxic effects on the testis (Steinberger and Klinefelter, 1993) , and was found in rats to inhibit the expression of steroidogenic acute regulatory protein, which is responsible for the rate-limiting step in steroidogenesis (Gunnarsson et al., 2004) . Cadmium can also activate the estrogen receptor alpha (Stoica et al., 2000) .
The associations observed in our study could conceivably result from a toxic action of cadmium on the testis, and/or from a xeno-estrogenic feedback inhibitory effect directly on the testis or indirectly on the hypothalamic-pituitary axis (Sanford, 1985; Delbes et al., 2005) .
HCB serum levels showed a positive association with sex hormone levels and an inhibiting effect on aromatase. This inhibitory effect on aromatase might be consistent with observations indicating that HCB lowered estradiol levels in female rats (Alvarez et al., 2000) and in monkeys (Foster et al., 1995) .
We observed a positive association between serum levels of DDE and E2, whereas Rylander et al. (2006) found, at serum DDE concentrations about five times higher than those in our study, a significant negative association between p,p 0 -DDE and estradiol. Marker PCB serum levels showed a positive association with sex hormone levels. As not only higher testosterone concentrations and higher T/E2 ratio (aromatase index) but also higher serum E2 concentrations were observed, inhibition of aromatase alone cannot explain these findings. Confounders and significant covariates comprised age, BMI, sampling time, smoking, parental education, alcohol consumption, and daily consumption of cereals; significant internal exposures comprised serum concentrations of HCB and PCB118, and urinary concentrations of 1-OHP and cadmium. e Confounders and significant covariates comprised age, BMI, sampling time, smoking, and alcohol consumption; significant internal exposures comprised serum concentration of PCB118 and urinary concentrations of 1-OHP and cadmium. f Confounders and significant covariates comprised age, BMI, fasting blood sampling, smoking, vegetable and fruit consumption, meat consumption, animal fat consumption, and alcohol consumption; significant internal exposures comprised serum concentrations of marker PCBs, HCB, and p,p 0 -DDE, blood concentration of lead and urinary concentrations of 1-OHP and cadmium.
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Our present observations concerning sex hormone levels differ from the published data. High-level prenatal exposure to PCBs during the Yucheng incident was positively associated with estradiol but negatively associated with testosterone serum concentrations in boys at puberty (Hsu et al., 2005) , whereas Mol et al. (2002) reported only weak associations between serum hormone parameters at 14 years of age and the level of prenatal PCB exposure in 196 boys from a Faroese birth cohort. Hagmar et al. (2001) did not find a significant correlation between serum levels of PCBs and testosterone in adult men. Turyk et al. (2006) found a negative association between PCB serum levels and SHBGbound testosterone in Great Lakes sport fish consumers. In rats, goats, and bulls, exposure to PCBs induced a decrease in serum testosterone levels (Machala et al., 1998; Kaya et al., 2002; Murugesan et al., 2005; Oskam et al., 2005) . Rylander et al. (2006) found no associations between serum PCB153 and testosterone concentrations in middle-aged and elderly men. In male polar bears, serum PCB levels are associated with lower serum testosterone levels (Oskam et al., 2003) . The differences between our observations and most published data might, however, at least in part, stem (see also below) from the fact that our observations relate to relatively low concentrations, which are much lower than those that occurred during the Yucheng incident and than the concentrations used in animal experiments. The PCB concentrations in the polar bears (Oskam et al., 2003) were more than hundred times higher than in the Flemish adolescents in our study. The biological plausibility of our observations might rest on the anti-estrogenic activity of PCBs (Kruger et al., 2008) , as endogenous estrogens inhibit testosterone production through actions on the testis or indirectly on the hypothalamic-pituitary axis (Sanford, 1985; Delbes et al., 2005) . Indeed, estrogen blockers are reported to cause a sustained increase in testosterone levels in men (Handelsman, 2008) . It is however certain that, at higher concentrations, PCBs have an inhibitory effect on testosterone production in vitro (Murugesan et al., 2008) and in primates (Ahmad et al., 2003) and probably also in humans (Turyk et al., 2006) . This might result from an interaction at higher concentrations with receptors relatively less affected at lower concentrations.
Knowledge on the mechanisms of action of endocrine disrupting chemicals is still far from complete. As pointed out by Guillette and Gunderson (2001) and others, they have been shown to (1) act as hormone receptor agonists or antagonists, (2) alter hormone production at its endocrine source, (3) cause long-lasting changes in sexual brain differentiation by suppressing brain aromatase activity, (4) alter the release of stimulatory or inhibitory hormones from the pituitary or hypothalamus, (5) alter the enzymatic biotransformation of hormones, and (6) alter the Confounders of data on testosterone, estradiol, and the aromatase index (ratio T/E2) were age, smoking, hour of blood sampling, and BMI. Confounders of data on SHBG were age, BMI, smoking, and not having eaten before the sampling of blood. 
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concentration or functioning of serum-binding proteins, thus altering free hormone concentrations in the serum. Doseresponse curves for hormonal effects can be expected and often do follow Michaelis-Menten kinetics (Castano and Flores-Saaib, 2008) , implying a supra-linear dose-response relationship in plots featuring linear scales for both response in ordinate and exposure in abscissa. For most exposureresponse associations in our study, a supra-linear relationship was observed, with relatively more intense responses (steeper dose-response curves) at exposures below the median. Others have made similar observations, for instance regarding dioxins in humans (Eskenazi et al., 2005) or HCB in animals (Ralph et al., 2003) . Hence, one might speculate that the observed biological and health effects result from interactions with receptors, constituting a xeno-hormonal rather than a less-specific toxic effect. Biological and health effects of pollutants capable of binding to receptors show complex dose-response relationships including non-monotonic associations (Bonefeld-Jorgensen et al., 2001; Endo et al., 2003; Gregoraszczuk et al., 2003; Eskenazi et al., 2005; Lilienthal et al., 2006) . Using an ordinary differential equation-based computational model, Li et al. (2007) showed that nonmonotonic dose-responses in gene expression can arise for exogenous ligands of steroid hormone receptors in an endogenous hormonal background. Contradictions between our observations at quite low intensities of internal exposure and findings reported previously at higher intensities of exposure might, at least in part, be explained by the fact that the effects of the corresponding pollutants are not monotonic and vary as a function of the dose range under consideration. Our findings indicate that environmental exposures to pollutants resulting in ''normal'' levels of, and small differences in, internal exposure had significant effects on hormone levels of adolescents, with often more intense responses (steeper doseresponse curves) at exposures below the median, although it is not clear whether these effects were always adverse.
